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Abstract 

Background: Tranilast (N-(3',4'-dimethoxycinnamonyl) anthranilic acid) has been shown to be therapeutically effective, 
exerting anti-inflammatory and anti-oxidative effects via acting on macrophage. We hypothesized that Tranilast may protect 
against oxidative stress-induced bone loss via action in osteoclasts (OCs) that shares precursors with macrophage. 

Methodology and Principal Findings: To elucidate the role of Tranilast, ovariectomy (OVX)-induced bone loss in vivo and 
OC differentiation in vitro were evaluated by U.CT and tartrate-resistant acid phosphatase staining, respectively. Oral 
administration of Tranilast protected against OVX-induced bone loss with decreased serum level of reactive oxygen species 
(ROS) in mice. Tranilast inhibited OC formation in vitro. Decreased osteoclastogenesis by Tranilast was due to a defect of 
receptor activator of nuclear factor-KB ligand (RANKL) signaling, at least partly via decreased activation of nuclear factor-KB 
and reduced induction and nuclear translocation of nuclear factor of activated T cells, cytoplasmic 1 (or NFAT2). Tranilast 
also decreased RANKL-induced a long lasting ROS level as well as TGF-R to inhibit osteoclastogenesis. Reduced ROS caused 
by Tranilast was due to the induction of ROS scavenging enzymes (peroxiredoxin 1, heme oxygenase-!, and glutathione 
peroxidase 1) as well as impaired ROS generation. 

Conclusions/Significance: Our data suggests the therapeutic potential of Tranilast for amelioration of bone loss and 
oxidative stress due to loss of ovarian function. 
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Introduction 

Postmenopuasal osteoporosis has been attributed to loss of 
ovarian function, which leads to bone loss through increased bone 
resorption over bone formation. The increase in bone resortiopn is 
due to the increases of differentiation and/ or survival of osteoclast 
(OC) as well as its activity [1,2]. OCs are multinucleated giant cells 
responsible for bone resorption, differentiate from hematopoietic 
cells of monocyte/ macrophage lineage, and share some morpho- 
logical and functional properties with macrophages. They are 
responsible for not only physiological bone remodeling, but also 
for bone destruction associated with chronic inflammatory disease 
[3] . During osteoclastogenesis two molecules which are generated 
from bone marrow mesenchymal cells are essential: macrophage- 
colony stimulating factor (M-CSF) and receptor activator of 
nuclear factor-KB ligand (RANKL), a member of the tumor 
necrosis factor (TNF) family [4] . RANKL which is both necessary 
and sufficient for osteoclastogenesis in the presence of M-CSF, 
enhances OC activity, and prolongs OC survival by decreasing 
apoptosis [5], Stimulation of the receptor, RANK by binding 
RANKL activates the key transcription factors, nuclear factor-KB 
and nuclear factor of activated T cells, cytoplasmic 1 (NFAT2), 



resulting in expression of OC-specific genes such as tartrate- 
resistant acid phosphatase (TRAP) and cathepsin K [6], [7], [8]. 
Ectopic expression of NFAT2 results in undergoing osteoclasto- 
genesis in the absence of RANKL and embryonic stem cells 
devoid of NFAT2 fail to differentiate into OC [6], implying that 
NFAT2 plays a critical role in osteoclastogenesis. 

Tranilast, N-(3',4'-dimethoxycinnamonyl) anthranilic acid, has 
been developed as an anti-allergic drug, by inhibiting the release of 
chemical mediators from mast cells and basophils [9]. The drug 
shares the anthranilic acid core with endogenous 3-hydroxyan- 
thranilic acid, a tryptophan metabolite in indoleamine 2,3- 
dioxygenase pathway [10]. Additionally the drug has been shown 
to exhibit anti-inflammatory effects via inducing hemoxygenase- 1 
(HO-1) and suppressing release of proinflammatory cytokines [1 1], 
and inhibit tumor growth [12]. Tranilast has been demonstrated 
to suppress prostate cancer cell proliferation along with reduced 
cranial bone defects [12]. However, the relevant action mecha- 
nisms of Tranilast have not been clearly elucidated yet. 

We hypothesized that Tranilast may protect against bone loss 
upon oxidative stress via action in OCs. In the present study, we 
demonstrated the protective role of Tranilast against OVX- 
induced bone loss, exerting a decreased osteoclastogenesis. 
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Results 

Tranilast Protects against OVX-induced Bone Loss in vivo 

To examine the effect of Tranilast on OVX-induced bone loss, 
we analyzed |lGT of femurs from OVX mice treated with 
Tranilast or vehicle, and compared the effects with those of sham 
surgery. At 14 week of age, no significant differences in body size 
and shape were observed between Tranilast and vehicle-treated 
OVX mice. Administration of Tranilast protected against OVX- 
induced bone loss, but had no significant effect on sham mice 
(Fig. 1, Table 1). Tranilast induced significant increases of 
attenuated bone mineral density (BMD), bone volume (BV/TV), 
and trabecular number (Tb. N.) and a decrease of enlarged 
trabecular space (Tb. Sp.) after OVX (Table 1). Consistent with 
these findings, serum CTX-1, a marker of in vivo bone resorption 
was significandy reduced in the Tranilast-administered OVX 
mice, whereas TRACP5b, a representation of the number of OC 
was decreased without any statistical significance (Table 1). Ex 
vivo cultures of bone marrow-derived macrophage (BMM) 
enriched population from Tranilast-treated OVX mice showed a 
significant decrease compared with those from OVX mice 
(Fig. IB), suggesting that in vivo administration of Tranilast 
induced decreased number of OC. However, in vivo bone 
formation marker, serum alkaline phosphatase (ALP) and osteo- 
calcin were not significandy changed by the treatment of Tranilast 
(Table 1), suggesting that protective effect of Tranilast on bone 
may be due to action in OC. In agreement with this, ex vivo 
cultures of whole bone marrow exhibited a similar pattern as those 
of enriched BMM (Fig. 1C). Along with these bone parameters, 
serum H 2 0 2 level was also significantly reduced by Tranilast 
(Table 1). 

Tranilast Inhibits OC Formation 

To evaluate whether Tranilast affects osteoclastogenesis, we 
determined the effects of Tranilast on OC formation in cultures of 
BMM free of stromal cells and lymphocytes. In the presence of the 
two osteoclastic cytokines, M-CSF and RANKL, maximal OC 
formation occurred after 3 d. OC formation was decreased by 
Tranilast in a dose-dependent manner by counting TRAP-positive 
MNC (Fig. 2A, B). Consistent with this result, after 48 h of 
RANKL stimulation, transcripts of TRAP, calcitonin receptor, 
and c-Fos were significandy lower in Tranilast-treated cells 
compared with vehicle-treated cells (Fig. 2C). To assess whether 
the decreased OC formation is due to retarded cell growth by 
Tranilast, we examined the proliferation of the BMM upon 
stimulation with M-CSF. There was no significant difference in 
proliferation of BMM when Tranilast was added (data not shown). 
We also assessed whether the decreased number of OC by 
Tranilast is due to increased death of mature OC. Tranilast did 
not change significantly survival of mature OC (data not shown). 
Next, we assessed whether Tranilst affects bone resorption. 
Mature OC gave rise to form substantial amounts of pits on 
dentine slices, but no further changes were found by Tranilast 
(Fig. 2D), suggesting that Tranilast did not affect OC activity. 

Tranilast Attenuates RANKL Signaling by Affecting Two 
Key Transcription Factors, NF-kB and NFAT2 

To gain molecular insights into the attenuating role of Tranilast 
during OC differentiation, we investigated the effect of Tranilast 
on RANKL-induced signaling pathways. First we assessed whether 
Tranilast affects RANKL-induced NF-kB activation by EMSA. 
RANKL stimulation of BMM induced NF-kB DNA binding 
activity (lane 3), and Tranilast decreased this activity in a dose- 
dependent manner (lane 4, 5) (Fig. 3A). The specificity of the 



binding activity was confirmed by competition assays using an 
excess unlabeled probe (lane 1). 

Next, exposure of BMM to RANKL for 48 h increased the 
transcript of NFAT2, and the level of NFAT2 was significandy 
lower in the presence of Tranilast when compared with vehicle 
(Fig. 3B). We examined the expression and cellular location of 
NFAT2 protein in RANKL-stimulated BMM undergoing differ- 
entiation into multinucleated OCs. As shown in Fig. 3C (upper 
panel), a reduced level of total NFAT2 protein was observed in 
Tranilast-treated cells compared with vehicle-treated cells. 
RANKL stimulation induced enrichment of NFAT2 in the 
nucleus region of OCs, but it was lower in that of Tranilast- 
treated OCs. The reduction in the nucleus was greater than that in 
the cytosol (Fig. 3C, middle and bottom panels), suggesting that 
Tranilast reduced nuclear localization as well as total protein level 
of NFAT2 in OCs. 

Then, we further investigated whether Tranilast inhibits OC 
formation via modulating the expression level of TGF-P, since 
Tranilast suppresses TGF-P in bone-derived stromal cells [13], 
and TGF-P induces NFAT2 in OC [14]. As shown in Fig. 3D, 
Tranilast resulted in dramatic decrease of RANKL-induced TGF- 
P in OC. Exogenous TGF-P increased RANKL-stimulated OC 
formation significantly and alleviated the inhibitory effect of 
Tranilast on osteoclastogenesis by counting TRAP-positive 
MNCs, but not completely (Fig. 3E). The decreased transcript 
of NFAT2 due to Tranilast was also restored partially by 
exogenous TGF-P (Fig. 3F), indicating alternative actions to 
explain the inhibitory effect of Tranilast on osteoclastogenesis. 

Tranilast Decreases RANKL-induced ROS Level 

Since administration of Tranilast attenuated up-regulated ROS 
due to OVX in vivo and RANKL signaling is strongly associated 
with long lasting level of ROS during OC formation [15], we 
wondered whether Tranilast affects RANKL-induced long-lasting 
ROS level. ROS stimulated by RANKL was maximal at 48 h 
exposure (data not shown). Tranilast reduced RANKL-induced 
sustained level of ROS in a dose-dependent manner (Fig. 4A). To 
investigate a mechanism of decreasing ROS by Tranilast, we 
evaluated whether Tranilast affects ROS generation by inhibiting 
NADPH oxidase. Diphenylene iodonium (DPI), a selective 
inhibitor of NADPH oxidase reduced RANKL-induced OC 
formation and DPI abolished the inhibitory effect of Tranilast at 
30 n.M, but not completely at 50-70 |i.M (Fig. 4B), indicating 
another mechanism for Tranilast to inhibit OC formation. Then 
we searched for up-regulation of antioxidants by Tranilast in OC. 
Tranilast significantly increased the expression levels of peroxir- 
edoxin 1 (PRX1), HO-1, and glutathione peroxidase 1 (Gpx-1) 
(Fig. 4C), but not thioredoxin 1 (data not shown). Knockdown of 
PRX1 by siRNA was confirmed by RT-PCR and qPCR (Fig. 4D). 
Down-regulation of PRX1 increased ROS level as well as OC 
formation upon stimulation of RANKL. It attenuated the 
inhibitory effect of Tranilast on ROS level and on OC formation, 
but not completely (Fig. 4E). The contribution of HO-1 to the 
inhibitory effect of Tranilast on OC formation was evaluated using 
HO-1 deficient cells. The modest decrease in inhibitory effect of 
Tranilast at 50-70 |0.M on osteoclastogenesis was observed in the 
absence of HO- 1 (Fig. 4F), suggesting a partial contribution of 
antioxidants for action mechanisms of Tranilast. 

Discussion 

The present study has demonstrated that Tranilast attenuated 
OVX-induced bone loss and oxidative stress in vivo. Our studies 
also supported the recent findings that Tranilast has other 
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Figure 1. Tranilast attenuates OVX-induced bone loss in mice. Bone densities of the femora were measured from vehicle-treated (sham, n = 6; 
OVX, n = 6), Tranilast (200 mg/kg/d)-treated (sham, n = 6; OVX, n = 6) mice 8 weeks after surgery. The representative uCT images of distal femora 
(1.0 mm from the growth plate of the distal femur) (A). Number of OCs in the cultures of enriched BMM (B) and whole bone marrow (C) stimulated 
with RANKL/M-CSF and 1,25(OH) 2 D 3 (C), respectively, a, p<0.05; a', p<0.01 compared with vehicle-treated SHAM, b, p<0.05 compared with vehicle- 
treated OVX. No significant difference between vehicle-treated SHAM and Tranilast-treated OVX (B, C). 
doi:1 0.1 371 /journal.pone.0095585.g001 

therapeutic effects in addition to being anti-allergic [12], [13], model for postmenopausal bone loss. OVX-induced bone loss has 
[16], [17]. The ovariectomized mice have been generally used as a been analyzed after 4 weeks of surgery using 5-6-weeks old mice 



Table 1 . Trabecular microarchitecture and biochemical markers of OVX and SHAM mice treated with vehicle or Tranilast at 8 week 
after surgery. 





SHAM 




OVX 






V 


Tranilast 


V 


Tranilast 


BMD [mg/cm 3 ] 


107.417±6.383 


94.368±2.882 


63.014±2.074 a " 


79.977±3.779 a " b 


BV/TV (%) 


5.356±0.4449 


4.463±0.2118 


2.708±0.1665 a " 


3.936±0.3076 b 


Tb. N. [mm -1 ] 


1.158±0.0652 


0.997±0.0412 


0.646±0.0313 a " 


0.861 ±0.0553 ab 


Tb. Sp.(x10 3 ) [mm] 


290.000 ±6.200 


297.700 ±6.700 


377.900±7.900 a " 


352.000±6.500 a " b 


Serum CTX-1 [mg/ml] 


26.067±0.5691 


24.590±0.7316 


42.456±1.238 a " 


38.783±0.9799 a " b 


Serum TRACP5b [U/L] 


5. 060 ±0.07483 


4.800±0.1549 


9.983±0.7705 a " 


7.588±0.6909 a 


Serum ALP [U/L] 


52.780 ±7.804 


49.840±5.416 


94.780±7.432 a ' 


93.280±8.058 a ' 


Serum OCN [ng/ml] 


24.577 ±2.927 


25.039± 1.923 


35.133±2.630 a 


30.115±1.874 


Serum H 2 0 2 [nmol/ml] 


5 7.346 ±1.428 


59.594± 1.290 


64.509±0.674 a ' 


59.291 ±1.376 b 



Data are represented as mean±SEM. Differences between each groups were analyzed by one-way ANOVA, followed by Bonferroni post tests, a, p<0.05; a', p<0.01; a", 
p<0.001 compared with vehicle-treated SHAM, b, p<0.05 compared with vehicle-treated OVX. No significantly difference between vehicle-treated SHAM vs. Tranilast- 
treated SHAM. 

doi:1 0.1 371 /journal.pone.0095585.t001 
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Tranilast 




Figure 2. Tranilast decreases OC formation induced by RANKL. (A) BMM were incubated with Tranilast (30, 50, 70 uM) in the presence of M- 
CSF (20 ng/ml) and RANKL (40 ng/ml). After 3 d, cells were fixed and stained for TRAP. Means of 4 groups are significantly different (P<0.001). ***, P< 
0.001 compared with V (vehicle)-treated cells. (B) Representative photos of A. Scale bar, 200 urn. (C) BMMs were incubated with Tranilast (70 uM) in 
the presence of M-CSF and RANKL for 48 h, total RNA was extracted and subjected to qPCR analysis for TRAP, calcitonin receptor (CTR), and c-Fos. *, 
P<0.05; **, P<0.01 with V. (D) RANKL-induced mature OC (-1000 cells) was incubated with or without Tranilast (70 uM) on dentine slices for 24 h, 
and stained for pit formation. Representative photos of the resorption pits in V- and Tranilast-treated slices are shown. Scale bar, 50 urn. There was no 
significant difference between them in the areas of the resorption pits as determined with the ImageJ 1.37v program. Similar results were obtained in 
three independent experiments. 
doi:1 0.1 371 /journal.pone.0095585.g002 



[18], 8-weeks old mice [19], and 16-weeks old mice [20] with a 
small magnitude of difference in decreased bone density. 
However, OVX induced bone formation can be blunted by an 
immediate drop after surgery [21], but afterwards it was followed 
by a sustained increase [22]. Two weeks after OVX result in a 
trend of decrease of perimeters of osteoblast [21], whereas 4 weeks 
after surgery increased serum osteocalcin [22]. Our model has 
been analyzed after 8 weeks of surgery using 6-weeks old mice with 
increased bone formation due to OVX. Tranilast reduced the 
increase of serum CTX-1 and ex vivo cultured OC upon OVX, 
suggesting that Tranilast protects from bone loss via acting in OC. 
Consistently RANKL-induced osteoclastogenesis was decreased by 
Tranilast in vitro. The inhibitory effect of Tranilast was caused by 
the delay of commitment to OC, since neither OC survival nor 
bone resorption was affected by Tranilast. It is not likely that bone- 
sparing effects observed could be due to stimulation of bone 



formation, since serum ALP and osteocalcin, in vivo bone 
formation marker [23], were not affected by administration of 
Tranilast. It was also supported by the finding that ex vivo OCs 
from whole bone marrow showed a similar tendency as those from 
BMM, excluding the contribution of stromal/ osteoblast cells to the 
protective effect of Tranilast. 

Among two essential signals for osteoclastogenesis, we focused 
RANKL signaling to investigate the inhibitory effect of Tranilast 
on OC formation, since Tranilast did not affect proliferation of 
BMM upon M-CSF stimulation. Our data demonstrated that 
Tranilast decreased RANKL-induced NF-kB DNA binding 
activity dose-dependently. Importance of NF-kB in bone metab- 
olism has been demonstrated by p50/p52 double knockout mice, 
developing typical osteopetrosis with a primary defect with OC 
lineage cells [24]. The inhibitory effect of Tranilast on NF-kB 
activation has been demonstrated in other cells. Tranilast inhibits 
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Figure 3. Tranilast impairs a RANKL signaling. (A) BMM (5x10 6 cells/plate) was stimulated with vehicle (V) (lane 2) or RANKL (lane 3) with 
Tranilast (30 |iM, lane 4; 70 uM, lane 5) for 1 h. Hundred-fold excess of unlabeled probe (lane 1) was used as a negative control. NF-Y DNA binding 
activity was measured as an internal control. (B-F) BMM with or without Tranilast (T, 70 uM) or TGF-p (10 ng/ml) were incubated with M-CSF and 
RANKL for 48 h (B-D, F) and 72 h for counting TRAP-positive MNCs (E). Total RNA was extracted and subjected to qPCR analysis for NFAT2 (B, F) or 
TGF-p (D). The expression level before RANKL treatment was set to be 1. * P<0.05, ** P<0.01, *** P<0.001 compared with V. Whole cell extracts, 
cytoplasmic fractions, and nuclear fractions were harvested from cultured cells and subjected to Western blot analysis with specific Abs as indicated. 
Abs for p-actin and lamin B1 were used for the normalization of cytoplasmic and nuclear extracts, respectively. Numbers between the panels are 
ratios of the intensity of NFAT2 over p-actin (total and cytosolic) or lamin B1 (nucleus) (C). ***, P<0.001 compared with V. Numbers above the 
histograms are ratios of the numbers of MNC formed in the presence of Tranilast to the numbers formed in its absence (E). There was a significant 
difference between TGF-p and TGF-p/TL (*** P<0.001; E, * P<0.05; F), whereas no significant difference between V and TGF-p/TL (E, F). Similar results 
were obtained in three independent experiments. 
doi:1 0.1 371 /journal. pone.0095585.g003 



MCP-1 secretion in rat mesengial cells [25] and iNOS expression 
and activity in microglial cells [26] by inhibiting NF-kB activity. 
Tranilast also decreases NF-KB-dependent transcriptional activa- 



tion in endothelial cells [2 7] . NFAT2 has been identified to be the 
prominent target gene induced by IL\NKL during osteoclastogen- 
esis [6]. Our data showed that Tranilast decreased the expression 
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Figure 4. Tranilast decreases RANKL-induced ROS level. (A) Intracellular levels of ROS upon stimulation with RANKL in the presence or 
absence of Tranilast (30, 60 uM) for 48 h were determined using H 2 DCFDA. ROS levels were quantified by flow cytometry. (B) BMM were stimulated 
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with M-CSF and RANKL in the presence of Tranilast (30, 50, 70 uM) with or without DPI (5 nM) for 3 d for measurement of TRAP-positive MNCs. Means 
of Tranilast-treated 4 groups in the presence or absence of DPI are significantly different (P<0.001). *** P<0.001 compared with each vehicle (V)- 
treated cells. Numbers above the histograms are ratios of the number of MNC formed in the presence of Tranilast to the number formed in its 
absence. (C) BMMs were incubated with 50 uM of Tranilast in the presence of M-CSF and RANKL for the indicted periods; total RNA was extracted and 
subjected to qPCR analysis for HO-1 (8 h), Gpx-1 or PRX1 (24 h). Expression level before RANKL treatment was set to be 1. * P<0.05, ** P<0.01, *** P< 
0.001 compared to V. (D, E) BMMs were transfected with siPRXI or scRNA. Down-regulation of PRX1 by siRNA was confirmed by RT-PCR and qPCR. 
The expression levels obtained from scRNA-treated cells were set to be 1 . ***, P<0.001 compared to scRNA (D). After 24 h of transfection with siRNA 
cells were treated with Tranilast and stimulated with RANKL for 48 h for determination of ROS level or 72 h for counting TRAP-positive MNCs. * P< 
0.05, ** P<0.01 compared with V of scRNA-transfected cells. There was a significant difference between siPRXI-treanfected V and Tranilast (* P<0.05; 
ROS, ** P<0.01; TRAP-positive MNC), whereas no significant difference between scRNA-transfected V and siPRXI -transfected Tranilast (ROS, TRAP- 
positive MNC). (E). (F) BMM from HO-1 +/+ and HO-1 mice were incubated in the presence of M-CSF and RANKL with Tranilast (30, 50, 70 uM). After 
3 d, cells were fixed and stained for TRAP. Means of Tranilast-treated 4 groups in the presence or absence of HO-1 are significantly different (P< 
0.001). ** P<0.01, ***, P<0.001 compared with V-treated cells. Numbers above the histograms are ratios of the number of MNC formed in the 
presence of Tranilast to the number formed in its absence. Similar results were obtained in three independent experiments. 
doi:10.1371/journal.pone.0095585.g004 



of NFAT2 at mRNA and protein level as well as nuclear 
translocation upon RANKL stimulation, suggesting a decreased 
NFAT2 activity in OC by Tranilast. The reduced expression of c- 
Fos also supported an impaired NFAT2 activity. RANKL 
stimulation induces to bind to DNA through ternary complex 
formation with c-Fos. Deficiency of c-Fos results in failure of 
induction of NFAT2 on RANKL stimulus with no OC [28], 
suggesting a critical role of c-Fos in activation of NFAT2 and OC 
formation. Since amplification and activation of NFAT2 are 
associated with a long lasting level of ROS via Ca 2+ oscillation 
[15], decreased NFAT2 activity could be due to reduced ROS 
induced by Tranilast. Alternatively, it could be partly due to 
attenuated RANKL- induced TGF-fi expression by Tranilast, since 
exogenous TGF-fi recovered partially attenuated mRNA level of 
NFAT2 and OC formation by Tranilast. 

RANKL-induced ROS generation is essential for osteoclasto- 
genesis [15], [29]. Tranilast reduced substantial amount of 
sustaining level of ROS induced by RANKL. Consistently 
elevated serum ROS upon OVX was decreased by Tranilast 
in vivo, indicating that administration of Tranilast reduces 
oxidative stress induced by loss of ovarian function. Decreased 
ROS level by Tranilast can be explained by its abilities not only to 
inhibit ROS generation but also to induce antioxidant enzymes 
such as HO-1, PRX1, and Gpx-1 in OC. The role of Tranilast to 
decrease ROS also has been demonstrated in other studies. 
Tranilast reduces ROS generated from zymogen-stimulated 
polymorphonuclear leukocytes [30], and also decreases oxidative 
stress in diabetic nephropathy by modulating thioredoxin [17]. 

Taken together, our results have demonstrated that Tranilast 
protected against OVX-induced bone loss in mice. Tranilast 
inhibited OC formation via impaired RANKL signaling with 
decreased activations of NF-kB and NFAT2, and reduced levels of 
ROS as well as TGF-fi. These results suggested that Tranilast may 
be beneficial in alleviating bone loss as well as an oxidative stress 
caused by loss of ovarian function. It is possible that Tranilast 
could be a potent candidate to reduced post-menopausal bone loss 
beyond the present usage of an anti-allergic drug, although it 
requires further studies. 

Materials and Methods 

Ethics Statement 

All mice were handled in accordance with the guidelines of the 
Institutional Animal Care and Use Committee (IACUC) of the 
Immunomodulation Research Center (IRC), University of Ulsan. 
All animal procedures were approved by IACUC of IRC. The 
approval ID for this study is #201 1-001. 



Animals and Study Design 

Six-week-old C57BL/6J mice were subjected to sham operation 
(n= 12), or ovariectomy (OVX) (n = 12) under anesthesia using 
mixture of Zoletil and Rompun. All mice were housed in the 
specific pathogen-free animal facility of IRC. Tranilast (generously 
provided by KISSEI Pharmaceutical Co., Ltd, Nagoya, Japan) 
was suspended in 0.5% methylcellulose solution and administered 
intragastrically at dose of 200 mg/kg (OVX, n = 6; sham, n = 6) or 
vehicle (OVX, n = 6; sham, n = 6), once a day for 8 weeks after 
surgery. The mice were sacrificed by CO2 asphyxiation. For 
visualization and architecture of long bone, femurs were scanned 
in a high-resolution Micro CT (|lCT) imaging system using the 
SkyScan 1072 System (Sky Scan) with setting to a 6.9 |Im effective 
detector pixel size and a threshold of 77-255 mg/cc. Trabecular 
bone was analyzed in the 1.5 mm region in length, 0.2 mm below 
the distal growth plate of femurs. Total of 250-300 tomographic 
slices were acquired and 3 D analyses were performed with CT 
volume software (ver 1.11; SkyScan). In vivo markers of bone 
resorption and OC numbers were measured according to the 
manufacturer's directions (Immunodiagnostic Systems Inc., Wo- 
burn, MA): serum collagen-type I fragments (CTX-1) by RatLaps 
EIA and serum TRACP5b by solid phase immune-fixed enzyme 
activity assay, respectively. Serum osteocalcin was determined by 
osteocalcin EIA kit (Biomedical Technologies Inc., USA) and 
alkaline phosphatase (ALP) by a colorimetric kinetic determination 
(BioAssay Systems, Hayward, CA, USA) respectively. Serum 
H 2 0 2 was determined by Amplex Red hydrogen peroxide/ 
peroxidase assay kit (Invitrogen, Carlsbad, CA). 

OC Formation 

Bone marrow cells were isolated from 4— 5-week-old C57BL/6J 
mice as described before [31]. HO-1 1 mice in the background 
of Balb/ c were generously provided by Dr. Perrella MA (Harvard 
Medical School). Femora and tibiae were removed aseptically and 
dissected free of adherent soft tissue. The bone ends were cut, and 
the marrow cavity was flushed out with oc-MEM from one end of 
the bone using a sterile 2 1 -gauge needle for further agitation using 
a Pasteur pipette to get a single cell suspension. The resulting bone 
marrow suspension was washed twice, and incubated on plates 
along with M-CSF (20 ng/ml) for 16 h. Non-adherent cells were 
then harvested, layered on a Ficoll-hypaque gradient for collecting 
cells at the interface, and cultured for two more days, at which 
time large populations of adherent monocyte/macrophage-hke 
cells had formed on the bottom of the culture plates as described 
before [31]. The small numbers of non-adherent cells were 
removed by washing the dishes with phosphate-buffered saline 
(PBS), and the remaining adherent cells (bone marrow-derived 
macrophages (BMM)) were harvested, and seeded in plates. The 
adherent cells were analyzed by a FACSCalibur flow cytometer 
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(Becton Dickinson, Franklin Lakes, NJ) and found to be negative 
for CD3 and CD45R, and positive for CDllb. Absence of 
contaminating stromal cells was confirmed by lack of growth 
without addition of M-CSF. Additional medium containing M- 
CSF and RANKL (40 ng/ml) was added, and the medium was 
replaced on day 3. After incubation for the indicated times, the 
cells were fixed in 10% formalin for 10 min, and stained for 
tartrate-resistant acid phosphatase (TRAP) as described [31]. 
Numbers of TRAP-positive multinucleated cells (MNC) (three or 
more nuclei) were scored. BMM was transfected with small 
interfering RNA (siRNA) against peroxiredoxin 1 (siPRXl) or 
scrambled siRNA (scRNA) (Santa Cruz, Santa Cruz, CA) using 
Lipofectamine™ RNAiMAX (Invitrogen). Lipofectamine RNAi- 
MAX (Invitrogen) was first diluted in a-MEM and mixed with an 
equal volume of a-MEM containing the siRNA. After 20 min of 
incubation, 100 |0,1 of the resulting RNAiMAX/siRNA was added 
directly onto the cells, giving a final volume of 700 (0.1. After 8h 
incubation, the cells were replated in serum-containing medium 
and cultured for another 2 d. mRNA expression was analyzed by 
qPCR. OC were further characterized by assessing their ability to 
form pits on dentine slices, as described [32]. Mature OC cells 
were generated by incubation with M-CSF and RANKL for 5 d. 
Then, after treatment with EDTA, the cells were harvested [33]. 
Mature OCs were seeded on dentine slices and incubated for 1 d 
with M-CSF and RANKL. The slices were cleaned by ultra- 
sonication in 1M NH 4 OH to remove adherent cells and stained 
with Mayer's hematoxylin (Sigma) to visualize resorption pits. 

RNA Isolation and Quantitative Polymerase Chain 
Reaction (qPCR) 

Total RNA was reverse-transcribed with oligo-dT and Super- 
script I (Invitrogen, Carlsbad, CA). qPCR was carried out using 
SYBR Green 1 Taq polymerase (Qiagen, Hilden, Germany) and 
appropriate primers on a DNA Engine Opticon Continuous 
Fluorescence Detection System (MJ Research Inc., Waltham, 
MA). The specificity of each primer pair was confirmed by melting 
curve analysis and agarose-gel electrophoresis. The housekeeping 
GAPDH gene was amplified in parallel with the genes of interest. 
Relative copy numbers compared to GAPDH were calculated 
using 2 AACt . The primer sequences used were as follows: 5'- 
ctgctcctagtgagcccaac-3' and 5'-cagcaatcgacaaggagtga-3' (calcito- 
nin receptor); 5'-gaccaccttggcaatgtctctg-3' and 5'-tggctgaggaagt- 
catctgagttg-3' (TRAP); 5'-agcctttcctactaccattccc-3' and 5'-tggcac- 
tagagacggacaga-3' (c-Fos); 5'-aataacatgcgagccatcatc-3' and 5'- 
tcaccctggtgttcttcctc-3' (NFAT2); 5'-gctcccctatttaagaacacccac-3' 
and 5'-ctcccaaggaaaggtaggtgatag-3' (TGF-fi); 5'-gggactacaccga- 
gatgaacga-3' and 5'-accattcacttcgcacttctca-3' (Gpx-1); 5'-tcccaga- 
caccgctcctccag-3' and 5'-ggatttggggctgctttc-3' (HO-1); 5'-tgcca- 
gatggacaattcaaa-3' and 5'-cagctggacacacttcacca-3' (PRX1); 5'- 
acccagaagactgtggatgg-3' and 5'-cacattgggggtaggaacac-3' 
(GAPDH). 

EMSA 

Biotinylated double-stranded oligonucleotides were synthesized 
by Bioneer Co. (Korea): NF-kB, 5'-agttgaggggactttcccaggc-3'; NF- 
Y, 5'-agaccgtacgtgattggttaatctctt- 3'. Nuclear extracts were 
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prepared from BMM cells stimulated with RANKL (40 ng/ml) 
using NE-PER nuclear and cytoplasmic extraction reagents 
(Pierce) according to the manufacturer's manual. Binding reac- 
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0.5x Tris borate/EDTA and electrophoresed at 100 V before 
being transferred onto a positively charged nylon membrane 
(Hybond™-N+) in 0.5 X Tris borate/EDTA at 100 V for 
30 min. Transferred DNAs were cross-linked to the membrane at 
10 mj/cm and detected using horse radish peroxidase (HRP)- 
conjugated streptavidin. 

Fractionation and Western Blot Analysis 

Cultured cells were harvested after washing with ice-cold PBS 
and then lysed in extraction buffer (50 mM Trsi-HCl, pH 8.0, 
150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 0.01% 
protease inhibitor mixture). Cells were fractionated using Nuclear 
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Abs (BD Biosciences), and developed using chemiluminescence 
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Intracellular Reactive Oxygen Species (ROS) Detection 

The intracellular formation of ROS was detected using the 
fluorescence probe 2',7'-dichlorofluorescein diacetate 
(H 2 DCFDA) (Molecular Probes). After BMMs were cultured 
under the different experimental conditions for 48 h, the cells were 
harvested, suspended in PBS, loaded with H 2 DCFDA, and 
incubated at 37°C for 30 min. The measurement of intracellular 
ROS was performed using flow cytometry with a FACSCalibur. 

Statistical Analysis 

Values are expressed as means ± SEM. Statistical analysis was 
performed by Student's /-test when two groups were compared or 
by one-way ANOVA, followed by Bonferroni posttests if multiple 
groups were compared. A P value of less than 0.05 was considered 
statistically significant. 
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